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Abstract

Pancreatic ductal adenocarcinoma (PDA) is a highly lethal malignancy for which new treatment 

and diagnostic approaches are urgently needed. In order for such breakthroughs to be discovered, 

researchers require systems that accurately model the development and biology of PDA. While 

cell lines, genetically engineered murine models, and xenografts have all led to valuable clinical 

insights, organotypic culture models have emerged as tractable systems to recapitulate the complex 

three-dimensional organization of PDA. Recently, multiple methods for modeling PDA using 

organoids have been reported. This review aims to summarize these organoid methods in the 

context of other PDA models. While each model system has unique benefits and drawbacks, 

ultimately, organoids hold special promise for the development of personalized medicine 

approaches.

The Need for Accurate Model Systems of Pancreatic Cancer

Pancreatic cancer is an extremely lethal malignancy, with a 5-year survival rate of less than 

7% [1]. This malignancy is currently the fourth leading cause of cancer deaths in the United 

States [1] and is projected to surpass colon and breast cancers by 2030 [2]. Pancreatic ductal 

adenocarcinoma (PDA), the most common form of pancreatic cancer, is often diagnosed too 

late for effective therapeutic intervention to succeed, and only 10–15% of patients diagnosed 

with PDA are eligible for surgery, the only potentially curative option [3]. Thus, new 

approaches to diagnose and treat PDA are urgently needed.

In order for clinical progress to be made, researchers need accurate and tractable model 

systems for studying this malignancy. At first glance, it would seem that the best way to 

study PDA would be to use human tumor tissue. However, the use of such tissue has 

limitations as a model. Human tumors are often diagnosed late in tumor evolution, providing 

a snapshot of a late stage of tumorigenesis, and offering little utility to the study of tumor 
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development. In addition, as only a small number of PDA patients are eligible for surgical 

intervention, the amount of human tumor tissue available for research is limited. Therefore, 

methods to culture and/or propagate tumor tissue are valuable as they offer researchers a 

way to probe cellular pathways involved in tumorigenesis or to ascertain the effects of 

therapeutics. Traditional model systems such as genetically engineered mice, cell lines, and 

xenografts have all led to powerful insights into PDA tumorigenesis. More recently, 

researchers have turned to three-dimensional (3D), organotypic culture methods, which hold 

great promise to circumvent some of the limitations of traditional models. Advances in the 

field of regenerative medicine have led to the development of organoids as 3D models. 

Recently, these developments came together, with the report of four new methods for 

modeling pancreatic cancer using organoids [4–7] (Figure 1). Here, we discuss traditional 

methods for modeling PDA as well as these new organoid approaches. We also describe the 

challenges and opportunities for using PDA organoids for clinical care.

Monolayer Cell Lines

Monolayer neoplastic cell lines have been a mainstay of cancer research. The first human 

cancer cell line was generated from the cervical tumor of Henrietta Lacks and therefore 

named HeLa cells [8]. Eleven years later, the first PDA cell line was reported [9]. Since that 

time, numerous cell lines have been derived and represent tractable models for many 

different types of human cancer. Once adapted to growth in serum-containing media in 

tissue culture dishes, cancer cell lines are generally easy to culture, and can be passaged, 

cryopreserved and manipulated both genetically and chemically.

While the use of monolayer cell lines in the study of cancer biology has led to numerous 

insights, cell lines suffer from several limitations. Many tumors, especially slower growing, 

non-metastatic lesions, fail to generate cell lines, with prostate cancer being a prime example 

[10]. For pancreatic cancer, the efficiency of generating cell lines from a resected primary 

tumor is lower than the efficiency of generating 3D cultures [5]. Moreover, since most cell 

lines are derived from a resected tumor specimen, and most PDA patients are ineligible for 

surgical resection, PDA cell lines can only be generated for a small subset of patients and 

therefore do not represent the diversity found across PDA tumors. In addition, neoplastic cell 

lines fail to recapitulate key features of tumor biology, such as interactions with stromal cells 

and extracellular matrix (ECM). Furthermore, neoplastic cellular polarity, cell-cell contact, 

and 3D organization are difficult to model when cells are cultured as monolayers [11–13].

The adaptation of neoplastic cells to monolayer tissue culture conditions has been shown to 

fundamentally alter cells, selecting for clones that no longer model their primary 

counterparts [14]. Culturing cells as monolayers in the presence of serum has been shown to 

promote the loss of p53 function and to drive genomic instability [5, 14, 15]. Numerous 

studies have identified gene expression differences between monolayer cell lines and their 

corresponding primary tumors [12, 15–18], including comparisons of pancreatic cancer cell 

lines to primary PDA [18, 19]. These differences remain even when the presence of stromal 

cells in the primary tumor is taken into account [12, 18]. Thus, while there are many 

advantages to working with cancer cell lines, they may not accurately model many aspects 

of tumor biology.
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Reprogrammed Monolayer Cultures

As an alternative to standard, monolayer PDA cell lines, two recent publications report 

methods that involve the addition of factors to support monolayer cultures. Kenneth Zaret 

and colleagues isolated epithelial cells from a resected human PDA tumor and then induced 

expression of the Oct4, Sox2, Klf4, and c-Myc transcription factors to reprogram the cancer 

cells [20]. These reprogrammed cells required sustained expression of the transcription 

factors to remain undifferentiated and were therefore called “induced pluripotent stem (iPS)-

like” cells to differentiate them from other iPS cells, which do not require sustained 

expression of the reprogramming transcription factors. When the PDA-derived iPS-like cells 

were transplanted subcutaneously into immunocompromised mice, they gave rise to 

structures that resembled pancreatic intraepithelial neoplasms (PanINs), pancreatic lesions 

believed to be the precursors of PDA [20]. These results suggest that cellular reprogramming 

may partially suppress the cancer phenotype, and this technique allows for a model of the 

earliest stages of tumorigenesis. To date, this method has only been reported to successfully 

allow culture of one human tumor, and the relatively low efficiency of colony formation 

suggests that clonal selection may be a potential limitation of this technique. However, if the 

robustness of the method can be demonstrated, it could be a useful approach for cultivating 

tumor cells from many patients.

Richard Schlegel and colleagues have developed an alternative approach to culturing 

primary human tumor cells in which the cells are propagated on top of a confluent layer of 

irradiated fibroblasts in the presence of an inhibitor of Rho-associated, coiled-coil-

containing protein kinase (ROCK), generating cultures which the authors call “conditionally 

reprogrammed cells” [21]. ROCK signals downstream of the Rho GTPase pathway, and is 

involved in focal adhesion formation, cell migration, stress fiber formation and regulation of 

apoptosis [22]. Inhibition of ROCK promotes cell survival following dissociation [23]. How 

the irradiated fibroblasts support growth is not entirely clear, but it likely involves secreted 

factors, since conditioned media from irradiated fibroblasts can also promote the growth and 

survival of the tumor cells [21]. While these approaches hold promise as new PDA models, 

the lack of 3D architecture in these cultures remains a limitation. In addition, whether these 

culture conditions select for a subset of tumor cells remains unclear.

Genetically Engineered Mouse Models

The development of technologies to genetically engineer mice with specific mutations has 

led to the generation of numerous murine models of PDA. (For a review, see [24]). Many of 

these models use pancreas-specific Cre drivers such as Pdx1- or P48-Cre, to activate 

oncogenic alleles of Kras, a gene mutated in more than 90% of human PDA tumors [3]. 

Tumors arise spontaneously in these mice, allowing early tumorigenesis to be studied. In 

addition, tumors develop in 3D, and contain the dense desmoplasia and poor vasculature 

characteristic of human PDA [25].

Genetically engineered mouse models offer an advantage over many of the other methods to 

study PDA in that these models have native interactions between the neoplastic and stromal 

cells. Thus, these models allow researchers to study interactions between tumor cells and the 

native immune system and to explore the effects of immunotherapies [26]. In addition 
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studies using genetically engineered mice have revealed the complex interplay between PDA 

and stromal cells, showing that cancer associated fibroblasts can play a tumor supportive 

[27, 28] or tumor suppressive role [29, 30], depending on the context. Murine models have 

led to numerous clinical insights into PDA, such as the discovery that albumin-coated 

paclitaxel could augment the potency of gemcitabine by decreasing levels of cytidine 

deaminase, an enzyme responsible for gemcitabine metabolism [31].

Despite the benefits of using engineered mice to study PDA, rapid experimental 

interrogation is difficult with these models. Mouse models are time-consuming and 

expensive to breed, and the engineering of additional mutations requires considerable effort. 

Furthermore, there have been discoveries in murine models that have not been reproduced in 

the human setting [25, 30]. These may have been the result of interspecies differences, such 

as differences in drug metabolism [32], immune function [33], and telomerase activity [34] 

between mice and humans. In addition, in some murine PDA models, the oncogenic alleles 

are expressed during development, and murine tumors are smaller and arise from fewer cell 

divisions than human tumors [35]. Finally, murine models of PDA tend to have fewer 

mutations and less genetic complexity than human tumors [36]. Taken together, murine 

models are powerful tools for interrogating PDA biology, but scientists planning or 

interpreting studies involving murine models should be cognizant of these limitations.

Xenograft Approaches

Alternative methods to model PDA involve the engraftment of human cell lines (cell-line-

derived xenografts, or CDXs) or human tumor fragments (patient-derived xenografts or 

PDXs) into immunocompromised mice. CDXs are generated from cultured cell lines and 

therefore suffer from many of the limitations described for monolayer cell lines, including 

selection during culturing. In addition, while some have reported that xenograft tumors 

generated by subcutaneous injection of cancer cell lines share histological characteristics 

with their corresponding primary tumors [37], others have found that these tumors fail to 

recapitulate primary tumor histology [14, 38]. Furthermore, activity of therapeutic agents on 

CDX models was found to have poor correlation with activity in human patients [39, 40]. 

This low correlation held true for numerous studies using PDA xenografts (reviewed more 

extensively in [41]), and may be attributable to the dense desmoplastic stroma and low blood 

vessel density found in human PDA, which are not recapitulated in CDX’s of this 

malignancy [25].

In contrast to CDXs, PDXs retain many of the characteristics of their corresponding primary 

tumors, including tissue architecture and genomic alterations [42–45]. While subcutaneous 

engraftment is commonly used to establish PDXs from human PDA, resemblance to primary 

tumor was best when PDXs were established through transplantation into the pancreas 

(orthotopically) [46, 47]. These results suggest that while orthotopic transplants are more 

cumbersome to perform, they may generate more reliable data. Successful engraftment of 

PDA tumors was shown to be significantly correlated with shorter survival [48], suggesting 

that highly aggressive tumors are more amenable to PDX generation. PDXs have been used 

to find mechanisms of resistance to targeted therapies and biomarkers to predict therapeutic 

response [44]. However, following engraftment, PDXs derived from PDA become infiltrated 
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with murine stroma [43], and most human stroma is replaced with murine cells long before 

the fourth or fifth passage which is when PDXs are most likely to be used for clinical testing 

[42]. The mismatch between human tumor cells and mouse stroma should be considered 

when evaluating studies involving PDXs.

Overall, studies have found that clinical response of PDXs to therapeutics is correlated with 

response in patients (reviewed in [42]). However, only limited studies have been done to 

look at the clinical response of PDXs generated from PDA patients. Manuel Hidalgo and 

colleagues compared the clinical response of 23 patients and their corresponding PDXs 

when treated with gemcitabine, and found that in 7 of the 23 pairs, the sensitivity of the 

PDXs to gemcitabine correlated with a longer median time to progression in the patient [48]. 

A separate study from this group subjected 4 PDA-derived PDXs to 63 different therapies in 

232 combinations to determine the most effective agents against each PDX [49]. While 3 of 

the 4 PDXs were most sensitive to gemcitabine, which is already a standard of care for PDA, 

1 PDX showed sensitivity to mitomycin C and cisplatin. When the patient matching this 

PDX progressed on gemcitabine, he was treated with mitomycin C and later with cisplatin, 

and was reported to be disease-free 50 months after his initial diagnosis [49]. These results 

suggest that PDXs may have predictive value in the clinic, but further studies are needed to 

determine how well they correlate with the response of PDA patients and to better 

understand the reasons why responses of some PDXs fail to correlate with those of patients.

While initial studies using PDX models are promising, this model has a number of 

limitations that may prevent its widespread use. Relatively large amounts of resected tissue 

or biopsy material are needed to generate PDX models, limiting the applicability of this 

model to most PDA patients. Moreover, PDXs take 4–8 months to produce and require 

lengthy passaging to generate experimental cohorts [50]. The generation and maintenance of 

large numbers of immunocompromised mice to passage the PDXs can be costly. Finally, the 

use of immunocompromised mice limits the use of PDXs to study immunotherapies. 

Nonetheless, the PDX method allows for the propagation and study of many types of tumors 

in an in vivo setting.

Three Dimensional Models of Pancreatic Tumorigenesis

The limitations in the systems available to study pancreatic tumorigenesis prompted 

researchers to find novel ways to model PDA. To that end, 3D culture methods hold promise 

as systems to better mimic the biology found in vivo. A key goal of 3D culture methods is to 

prevent cells from attaching to the bottom of the culture dish, either by keeping cells in 

suspension or by culturing cells in the presence of a matrix such as collagen or Matrigel 

(Box 1). 3D methods to culture pancreas cells are hardly a new phenomenon. Rather, they 

have emerged as part of a larger movement over the last century to be able to culture and 

study tissues ex vivo.
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Box 1

3D Culture Matrices

3D culture methods typically involve embedding cells inside of or culturing cells on top 

of a matrix. Substances such as Matrigel, hyaluronic acid, laminin, collagen, 

polyethylene glycol hydrogels, photoactivatable hydrogels, and peptide hydrogels have 

all been used as matrices for 3D culture [111, 112]. These substances provide a physical 

barrier, preventing cells from interacting with and attaching to the culture dish. In 

addition, the matrix acts as a physical structure with which cells can interact. Depending 

on the matrix material, this structure provides the cells with biomechanical and 

sometimes biochemical cues that mimic the environment of the ECM in vivo [112]. 

Collagen and Matrigel are the two most common matrices used for 3D culture of 

pancreas cells.

Collagen

There are at least 26 distinct types of collagen, of which types I and IV are most often 

used for culture. Type I collagen is the most abundant collagen in the human body, and is 

found in tendon, bone, skin, and other interstitial connective tissues [113]. This collagen 

can be purchased either as recombinant protein or purified from rat tail. Type IV collagen 

is the primary component of the basement membrane of normal tissue, including 

pancreatic epithelium [113–115]. PDA progression is associated with breakdown of the 

basement membrane architecture and with increased production of type I collagen as part 

of the desmoplastic reaction [116, 117].

Matrigel

Matrigel is a commercial name for a basement membrane extract that is purified from 

murine Engelbreth-Holm-Swarm (EHS) tumors [118]. Matrigel contains high levels of 

type IV collagen as well as laminin and enactin/nidogen [118]. In addition, more than 

1800 proteins have been identified in Matrigel, including numerous growth factors such 

as epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), transforming 

growth factor beta (TGF-β), and platelet-derived growth factor (PDGF) [119]. For 

researchers wishing to control growth factor levels in their cultures, a growth factor-

reduced preparation of Matrigel is available [120], although levels of TGF-β are not much 

reduced in this preparation, which may impact the growth of some cell types [119]. When 

cultured in Matrigel, numerous cell types, including pancreatic cells, have been shown to 

take on a polarized morphology and to have physiologic responses not seen in cells 

cultured as monolayers [118].

The Development of Three-Dimensional Approaches to Culturing Pancreas Cells

Researchers have been attempting to culture the pancreas outside the body as far back as 

1938, when Carrel and Lindberg were able to keep a cat pancreas alive in culture for 4 days 

using a perfusion pump [51]. By the 1980s, numerous methods for culturing the pancreas as 

organ explants had been reported and researchers were starting to develop methods for 

culturing isolated pancreas cells in 3D [52]. One early study found that primary rat 
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pancreatic duct cells cultured in agarose formed closed lumina and could be maintained in 

culture up to 6 weeks [53]. At this time, primary culture methods were employed to aid in 

the study of pancreatic endocrine cells. For instance, when cultured in the presence of 

collagen, dissociated rat pancreas cells were reported to associate into “islet-like organoids” 

[54]. Human pancreas cells embedded in Matrigel or in rat tail collagen were found to 

proliferate and form cysts that expressed pancreatic ductal markers as well as structures 

resembling endocrine islets [55]. While these early methods did not allow for the passage of 

pancreatic cells in culture, they did provide valuable insights into pancreatic development 

and endocrine function.

Building off the successes of early explant cultures, researchers have developed methods for 

organotypic culture of pancreatic tissue slices. Speier and colleagues were able to 

successfully culture murine pancreas tissue slices embedded in agarose for up to 7 days [56]. 

Similar methods were used to culture human normal pancreas tissue and resected PDA 

tumor specimens as organotypic slice cultures, which were viable for up to 6 days and 

amenable to transduction with adenoviral vectors [57]. By using a precision vibratome and 

slicing tissue immediately following surgical resection, Loda and colleagues were able to 

culture 300–500 μM slices of colon, lung, and prostate carcinomas without needing to 

embed in agarose [58]. This technique was used to culture resected human PDA tumors and 

to evaluate the effects of mitogen-activated kinase (MEK) and phosphoinositide 3-kinase 

(PI3K) inhibitors [59]. Organotypic slice cultures retain stromal cells and preserve tumor-

stroma interactions, which could be a major benefit to these cultures. However, depending 

on the size of the slice, diffusion of compounds or oxygen may be limited in these cultures. 

In addition, organotypic slice cultures can only be maintained for up to a week and do not 

rapidly proliferate in culture, so the amount of material that can be generated from a single 

patient is limited.

Methods have also been developed to allow for limited culture of partially dissociated 

primary normal and neoplastic pancreas tissue, leading to advances in our understanding of 

pancreatic tumorigenesis. For instance, the Rustgi Laboratory developed a method to culture 

pancreatic ducts for up to 10 months embedded in collagen [60]. The Bar-Sagi Laboratory 

developed methods for isolating and culturing primary murine pancreatic duct cells on top of 

a laminin-coated coverslip, embedded in high-concentration of Matrigel, or as an overlay in 

low-concentration Matrigel on top of a Matrigel bed [61]. By isolating pancreatic duct cells 

from a mouse with the KrasLSL-G12D allele and exposing the cells to Cre, the researchers 

were able to study how oncogenic Kras prevents cellular senescence [62]. Immortalized 

human duct cell lines embedded in Matrigel formed invasive, disorganized structures only in 

the presence of the KrasG12D oncogene, a finding that was only revealed by 3D culture [63]. 

Murine tumor cells or human PDA cell lines cultured in Matrigel on top of a bed of agar 

could be treated with chemotherapies and chemical inhibitors to assay for drug sensitivity 

[64].

In addition to these primary culture systems, methods to culture human PDA monolayer cell 

lines in 3D were developed. In one early study, cells from a PDA cell line were cultured 

under continuous agitation, which prompted the cells to self-organize into polarized 

spherical structures called “spheroids” [65]. Since then, numerous methods have been 
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reported. Some generate PDA spheroids by preventing cellular attachment through the use of 

special culture devices [66], low-attachment or agarose coatings [67–69], mechanical 

stirring [70], or by only passaging floating spheres within the culture well [71]. Others 

culture cells on top of or embedded inside of matrices such as fibronectin, methylcellulose, 

type I collagen, or Matrigel (Box 1) [11, 72–75]. A recent study reported the culture of a 

human PDA cell line inside synthetic scaffolds made of biocompatible polymers [76]. 

Finally, methods to co-culture PDA cells with stromal cells in 3D have also been described 

[77, 78]. Unlike the monolayer cell lines from which they are derived, spheroid cultures have 

been shown to take on characteristics more similar to those of cells in vivo, including the 

production of ECM, increased resistance to therapies, and the appearance of polarized cell 

junctions [68, 69, 75]. However, as described in the previous section, the use of monolayer 

cell lines as a starting point limits the in vivo relevance of these approaches.

While some use spheroid cultures to mimic 3D interactions found in vivo, others use 

spheroids as an assay for cells capable of self-renewal. In the latter case, cells must be 

seeded for spheroid formation at a low density, ensuring that the outgrowing spheroids were 

derived from propagating cells [79]. Such methods have been used to enrich for cells in the 

pancreas with the properties of adult stem cells, including the capacity to self-renew and the 

ability to differentiate into multiple lineages [80, 81]. Similarly, spheroids derived from PDA 

cell lines seeded at a low density have been used to enrich for cells with the characteristics 

of cancer stem cells [79]. Such spheroids have been shown to have enhanced capacity to 

form tumors following transplant and enrichment of known stem cell markers such as CD44 

and CD133 [69, 71, 82]. However, the use of spheroid models as an assay for cancer stem 

cells should be interpreted carefully: while spheroids assay for the capacity of an isolated set 

of cells to self-renew under the culture conditions, it remains unclear how such cells 

correspond to tumor cells in vivo [83]. In addition, variation in spheroid methods, the 

propensity for spheroids to aggregate in culture, and the potential for quiescent tumor stem 

cells not to proliferate under spheroid conditions all may influence the reliability of these 

assays [83]. Nonetheless, the clonogenic sphere-forming assay remains a powerful technique 

to enrich for cells with stem-like properties.

Organoid Cultures

As methods for culturing PDA cells in 3D were increasing in popularity, researchers in other 

fields were working out methods to culture primary normal tissue and later, primary tumor 

cells as “organoids.” Organoid models have been described for the stomach [84–86], small 

intestine [87–89], colon [87, 89], liver [90, 91], and mammary gland [92], as well as 

numerous other tissues [93]. In addition, tumor organoid models have been developed for 

breast [92], colon [89], and prostate [10] cancers. More recently, pancreas and pancreatic 

cancer organoids have been developed [4–7, 94, 95].

Currently, no standard definition of “organoid” exists. The term “organoid” literally means 

organ-like, reflecting the ability of organoid culture conditions to prompt cells to self-

organize into structures mimicking the architecture of the organ from which they were 

derived. While some have suggested that the term “organoid” should be reserved for cultures 

in which more than one cell type is present, as in an intact organ [4], this definition has not 
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been universally adopted. Nonetheless, different organoid models generally share a couple 

of characteristics. As with many other 3D culture methods, organoids are cultured on top of 

or embedded inside of a matrix (Box 1). In contrast to organ explant or organotypic slice 

cultures, where a large piece of tissue is cultured as an intact unit, organoids are generated 

from smaller multicellular units (such as enzymatically or mechanically dissociated tissue) 

or from single cells. Organoids share many similarities with spheroid cultures, and the terms 

have often been used interchangeably in the literature. For clarity, we suggest that 3D 

cultures that are generated from cells initially cultured as monolayers fall under the purview 

of “spheroid” cultures. In contrast, the term “organoid” should be reserved for 3D cultures 

that are generated from dissociated primary tissue or from embryonic stem or iPS cells 

differentiated in vitro, and are propagated using a matrix and a media that promotes cell 

proliferation.

Non-neoplastic organoids are thought to arise from adult stem cells, and therefore should be 

capable of self-renewal and differentiation [96]. Consistent with this idea, flow-sorted 

pancreatic duct cells that stained positively for known progenitor/stem cell markers were 

more efficient at forming organoids than the general pancreatic duct cell population and 

much more efficient than progenitor-depleted duct cells [97]. The capacity for differentiation 

can be determined by transplanting the organoid into a mouse and demonstrating that the 

organoid can differentiate into structures resembling the tissue from which the organoid was 

derived. However, not all organoid systems have demonstrated both self-renewal and 

differentiation capabilities. In addition, whether tumor-derived organoids result from the 

outgrowth of a cancer stem cell population remains unclear.

The laboratories of Anne Grapin-Botton and Hans Clevers have both developed methods for 

culturing normal murine pancreata in Matrigel as organoids [94, 95]. Grapin-Botton and 

colleagues cultured murine embryonic pancreas cells inside Matrigel in order to study 

pancreatic duct development [94]. These embryonic pancreas progenitor organoids 

proliferated in culture and underwent branching morphogenesis. In contrast, the Clevers 

group, building on their prior work [86, 88, 89, 91], developed methods to propagate adult 

murine pancreatic duct cells as organoids [95]. When embedded in serum-free Matrigel and 

provided a defined, cocktail of growth factors, including the Lgr5 agonist R-spondin I to 

stimulate Wnt signaling, pancreatic duct cells formed proliferating, cystic spheres. Flow-

sorting experiments have demonstrated that these conditions allow the propagation of 

pancreatic duct but not acinar or islet cells [97]. While these organoids retained ductal 

characteristics in culture, they could form both duct-like, Cytokeratin 19-positive structures 

as well as endocrine-like, Insulin-positive cells following transplantation into the mouse 

renal capsule, demonstrating that cells cultured with this method are bipotent [95].

In collaboration with the Tuveson Laboratory, the Clevers group extended this work to the 

culture of neoplastic pancreas cells [5]. Cells taken from PDA tumors and metastases that 

formed in genetically engineered mouse models could be cultured under identical conditions 

to normal pancreatic duct cells. Cells isolated from PanIN lesions that arise in genetically 

engineered mouse models could also be cultured as organoids. These organoids can be 

cryopreserved and passaged indefinitely, and are amenable to genetic, transcriptomic, 
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proteomic, and biochemical analyses. Thus, this system is ideal for probing changes 

involved at each stage in tumorigenesis.

With some modifications to the culture media, including the addition of Wnt3a, normal and 

neoplastic human organoids could be cultured. As with the murine organoids, human 

organoids proliferated readily under these conditions and could survive cryopreservation. 

While under current culture conditions, human normal organoids could only be cultured for 

20–25 passages, human PDA organoids could be passaged indefinitely. Unlike the murine 

organoids, human PDA organoids took on a range of morphologies, often proliferating as 

filled spheres. This method worked well even with low numbers of starting cells, allowing 

for the generation of human PDA organoids from fine needle aspirate (FNA) biopsies and 

dramatically expanding the types of tumors capable of being studied in the laboratory. Like 

the murine organoids, organoids generating using this method are amenable to genetic and 

biochemical analysis: a recent study found that human patient-derived PDA organoids were 

sensitive to inhibition of MAPK-interacting protein kinase (MNK) with CGP57380 [98], 

showing that organoids can be used to study drug sensitivity.

In contrast to transplants of monolayer cell lines which rapidly form aggressive 

adenocarcinomas [25], orthotopic transplants of these murine or human PDA organoids 

initially give rise to structures resembling PanIN which only later progress to frank PDA 

resembling the tumor of origin [5]. A number of reasons could explain this transplant 

phenotype. The organoid culture system may “reprogram” more aggressive cancer cells to a 

less aggressive state. Alternatively, organoid culture may select for less aggressive cancer 

cells more likely to give rise to PanIN when transplanted. Monolayer cultures may also 

select for more aggressive cancer cells, which can readily form tumors following 

transplantation. It is also possible that less aggressive subclones present in the organoid 

cultures or normal cells present in the host mouse have a “neighbor suppressive” effect on 

PDA formation initially after transplant of the organoids. In line with this idea, in vitro 
studies using monolayer cultures have shown that fibroblasts can inhibit the growth of 

transformed cells [99], although the role of neighbor suppression in PDA remains unclear. 

More studies are needed to determine the biological basis for this transplant phenotype, and 

the relatively long time (2–8 months depending on the organoid culture) that transplanted 

tumors take to form frank PDA may be a drawback to this system. Nonetheless, the ability 

of PDA organoids to form PanIN-like structures following transplant can be exploited to 

study early pancreas cancer, which may aid in the discovery of new diagnostic tools. In 

addition, murine organoids derived from normal duct cells as well as PanINs, PDAs, and 

metastases provide a progression model to examine changes associated with each stage of 

pancreatic tumorigenesis.

Melissa Skala’s Laboratory recently described a similar method for culturing murine and 

human PDA organoids in Matrigel [7]. PDA tumors were isolated from Ptf1aCre/+; 
KrasLSL-G12D/+; Tgfbr2fl/fl mice, digested, and embedded in a 50%/50% mix of Matrigel 

and serum-containing culture media. Under these conditions, both fibroblasts and 

cytokeratin-positive tumor cells were able to propagate, with the latter propagating as both 

spherical and asymmetric organoids. Organoids cultured under these conditions were 

amenable to optical metabolic imaging (OMI), which can be used to quantify levels of 
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NADPH and FAD as a proxy for cellular redox state and overall cell health. OMI was used 

to probe the response of murine PDA organoids to gemcitabine as well as to inhibitors of 

Janus kinase (JAK, AZD1480), MEK (AZD6244), or PI3K (XL147). Using this method, the 

authors were also able to generate organoids from a resected human PDA tumor [7]. Unlike 

the murine organoids, the human PDA organoids took on many morphologies. OMI revealed 

that the human PDA organoids were relatively insensitive to the JAK inhibitor, but showed 

some sensitivity to gemcitabine, or to the combination of gemcitabine with the JAK 

inhibitor. While relatively little characterization of these organoids has been reported, and 

the significance of the multiple organoid morphologies remains unclear, the OMI method 

may be of interest for those wishing to perform drug screens in 3D.

Senthil Muthuswamy and colleagues recently reported a third method for generating 

pancreatic organoid cultures [6]. Human pluripotent stem cells were converted to pancreatic 

progenitor cells in vitro, and cultured as an overlay in media on top of a Matrigel bed. Under 

these conditions, the progenitors organized into cystic spheres which secreted an outer layer 

of basement membrane and maintained gene expression patterns similar to those of 

pancreatic progenitor cells. Addition of exogenous ligands to stimulate Wnt signaling was 

not needed to maintain these cultures. Consistent with their progenitor state, these organoids 

were able to form both acinar and ductal cells when exposed to differentiation signals.

The Muthuswamy group extended this method to generate organoid cultures from surgically 

resected human PDA tumors with high efficiency [6]. Human PDA organoids showed 

dysplastic morphologies and often propagated as filled spheres. Organoids could be 

passaged and survived cryopreservation. Organoids subcutaneously transplanted into mice 

formed frank adenocarcinomas that resembled their tumors of origin. Intriguingly, a single 

culture of human PDA organoids could show multiple diverse histologies, reminiscent of the 

multiple histologies seen in the primary tumor, suggesting that this culture system may be 

capturing the intratumoral heterogeneity found in primary tumors. It is not clear whether 

untransformed human pancreatic tissue can be propagated using this organoid technique, 

which may limit experiments requiring an untransformed control generated under the same 

conditions. However, these organoids were amenable to small-scale therapeutic screening: 

the authors tested the growth of organoids in the presence of epigenetic pathway inhibitors 

and identified a subset of human organoids sensitive to inhibition of Enhancer of zeste 

homolog 2 (EZH2) [6]. The potential to use patient-derived organoids for therapeutic 

screening could have great clinical benefit.

Finally, Calvin Kuo and colleagues developed a distinct method for culturing pancreas cells 

as organoids [4], which built off their prior work culturing murine intestinal organoids [87]. 

The authors use an “air-liquid interface” (ALI) method in which embryonic tissue fragments 

are cultured in a type I collagen gel that rests on a permeable substrate with media 

underneath, allowing nutrients to diffuse from the bottom. The top of the culture is exposed 

to air, thus allowing cells to receive higher levels of oxygen than would be encountered in 

traditional culture methods and preventing hypoxic death. When grown as ALI cultures, 

murine neonatal pancreatic tissue formed cystic organoids consisting mainly of E-cadherin- 

and Pdx1-positive ductal epithelial cells surrounded by alpha-SMA-positive stromal cells 
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[4]. These cultures did not require exogenous growth factor supplementation and were viable 

for up to 50 days, but could not be passaged.

Next, the authors generated ALI pancreatic organoids from mice bearing the KrasLSL-G12D/+ 

or Trp53fl/fl alleles [4]. Following infection with Adenoviral-Cre to activate oncogenic Kras 

or delete p53, the ALI organoids were able to proliferate and could be serially passaged [4]. 

Cre-infected KrasLSL-G12D/+ organoids, Trp53fl/fl organoids, or KrasLSL-G12D/+; Trp53fl/fl 

double-mutant organoids were all capable of forming tumors when transplanted 

subcutaneously. While it remains unclear whether PDA tumor cells, which often face 

hypoxia in vivo, will propagate under ALI conditions. However, the ability to model the 

effects of Kras mutation alone or in combination with Trp53 mutation offers a promising 

method for studying the steps in tumorigenesis. In addition, the presence of stromal cells in 

these cultures may better mimic tumor-stroma interactions than models where epithelial 

cells are cultured alone.

Using Organoids for Personalized Medicine

The relatively rapid generation and high proliferation of organoid cultures makes them well 

suited for therapeutic research. However, as of this review, there have only been limited 

examples of therapeutic interrogation using pancreas organoids [6, 7, 98]. Currently, the 

most comprehensive work in this domain utilizes the intestinal and colonic organoids, and 

could serve as a model for future pancreas organoid research. Marc van de Wetering and 

colleagues assembled an organoid biobank from 20 colorectal cancer patients [100]. They 

performed deep genomic and transcriptomic analyses using both neoplastic and adjacent-

normal organoids, thus providing meaningful comparison and identification of tumor-

specific DNA and RNA variations. The tumor organoids were screened in a high-throughput 

manner using a custom library of therapeutic compounds to identify compounds the 

organoids were sensitive to. This approach led to the identification of effective patient-

specific treatments. There was a correlation between therapeutic response and mutational 

status, confirming previously known, mutation-based drug sensitivities. Importantly, some 

therapeutic responses could not have been predicted through sequencing analysis alone, 

highlighting the value of such an approach. To further determine the predictive value of 

personalized organoid screening, a observational colorectal cancer trial is now underway at 

the Netherlands Cancer Institute in Amsterdam [101].

An organoid-based personalized medicine approach is also being investigated for the 

diagnosis and treatment of cystic fibrosis (CF). This clinical advance stems from the work of 

Johanna Dekkers and colleagues who cultured primary intestinal organoids from CF patients 

[102]. Due to an inactivating mutation in the Cystic fibrosis transmembrane conductance 
regulator (CFTR) gene, the organoids demonstrate poor transmembrane conductance in 

culture in response to forskolin-induced high intracellular cyclic AMP content, thereby 

recapitulating a hallmark of cystic fibrosis in a dish. Gerald Schwank and colleagues were 

able to apply CRISPR/Cas9 genome editing tools to repair the mutant CFTR locus in 

organoid cultures, thus rescuing the CF phenotype [103]. In addition, this defect could be 

rescued through drug treatment in these ex vivo culture models. Distinct CFTR mutant 

organoids responded differently to treatments, and surprisingly, even organoids with the 
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same CFTR mutation displayed differential treatment responses suggesting that organoids 

may be used to quickly screen and identify the best patient-specific-treatment [102]. If 

translated to the clinic, such a personalized approach may help CF patients quickly identify 

therapies they are most likely to benefit from.

The ability to rapidly and efficiently genetically engineer organoids using the CRISPR/Cas9 

system also enables cancer research. Two laboratories independently generated isogenic 

human intestinal organoids lines harboring both tumor suppressor and oncogenic mutations 

[104, 105]. Using these genetically engineered human organoids, researchers were able to 

study tumor development and invasive potential. The ability to engineer sequential mutations 

in human pancreas organoids could aid in the generation of new models based on the newly 

identified subtypes of the PDA [106].

Bolstered by the results of these preliminary studies, we expect pancreas organoids to 

advance the state of personalized medicine for PDA. Organoids offer an ideal setting for 

patient-specific assays as genetic traits of disease such as driver mutations and chromosomal 

copy number are preserved [10, 107]. The diagnosis of pancreatic cancer often involves 

collection of a biopsy, such as an endoscopic ultrasound-guided FNA. Unlike many other 

culture systems, organoids may be cultured from just one needle pass with a high success 

rate [5]. This enables the possibility of deep genomic characterization and ex vivo 
therapeutic testing in PDA patients that have traditionally been under-studied in research 

settings. It will be important to determine if these biopsy-derived organoid cultures faithfully 

represent the genetic heterogeneity and therapeutic sensitivity profile of the entire primary 

tumor. Conversely, in patients with resectable disease, multiple distinct organoid lines could 

be generated from cross-sections of the same tumor, and used to model the intratumoral 

clonal heterogeneity found in PDA patients [108]. Once established, PDA organoid cultures 

could be expanded, genotyped, and challenged with approved, standard of care therapies 

within weeks, possibly allowing for organoid-guided, second-line therapeutic options being 

offered to the patient. A similar approach tested in human liver organoids yielded promising 

results indicating that the organoid system was amenable to therapeutic testing [109]. 

Methods are being developed for drug discovery using high throughput testing in 3D 

cultures which could be applied to therapeutic testing in patient-derived organoids [110]. 

Finally, a retrospective study using prostate organoids found that the organoids derived from 

distinct patients displayed different responses to therapies which correlated with the 

observed genetics of each patient’s cancer [10], suggesting that therapeutic testing of 

organoids will have clinical benefit.

A critical first step for the use of organoids for personalized approaches to PDA care will be 

an efficacy evaluation within a retrospective clinical trial. In one possible clinical trial, 

patients with advanced pancreatic cancer would consent to donate a portion of biopsy tissue 

for the purposes of establishing organoids. Patient-derived organoids would then be used to 

test therapeutic sensitivities against standard of care drugs, and the results of these assays 

would be retrospectively compared with the patient’s tumor response to therapy. A good 

correlation between tumor response/progression and organoid sensitivity/resistance to a 

particular therapeutic regimen would indicate that the organoid system is predictive of 

treatment outcome. If such a study were successful for PDA, then a prospective study could 
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be undertaken with the goal of identifying optimal treatments to directly improve patient 

survival and quality of life. Such studies could also be used to identify second-line 

treatments following the development of resistance to first-line therapies.

There are numerous challenges to implementing these studies in the clinic. Considering the 

short median survival of pancreatic cancer patients, the main hurdle to this approach will be 

to reduce the time necessary to culture and assess the organoids as to offer insight to the 

clinical care team as soon as possible. Currently, heavy pre-treatment with chemotherapy 

prior to surgery/biopsy, and low neoplastic cellularity of biopsy tissue are the major factors 

for failed organoid cultures, which may pose a problem for studying such patients. 

Optimization of culture methods to more quickly and efficiently generate organoids from 

such samples may enable sampling of a broader spectrum of patients. A second challenge is 

the lack of immune, stromal, and vasculature compartments in the organoid culture, thus 

preventing the effective testing of immuno-therapy (e.g. immune checkpoint inhibitors) or 

stroma-modulating drugs (e.g. Vitamin D analogues). It will be important for future studies 

to develop and optimize co-culturing methods to generate a more complete and 

representative ex vivo system.

Before clinical studies using organoids are undertaken, efforts should be made to better 

characterize PDA organoids. The different organoid methodologies should be compared 

directly, and protocols for isolation and culturing of PDA organoids should be standardized. 

Ideally, components involved in the culture matrix and medium would also be standardized. 

Most current approaches use Matrigel, which has large variation between lots. Synthetic 

matrices consisting of fully defined components may help to circumvent this issue. These 

optimization efforts are very important, as human organoid culture is currently an expensive 

and technically challenging method requiring precious patient samples. Finally, organoid 

models should be compared to cell line and xenograft approaches to determine the optimal 

uses for each model.

Concluding Remarks

While there are many questions about organoid cultures that still need to be addressed (see 

Outstanding Questions), these 3D culture methods have emerged as powerful systems for 

probing PDA biology. Such methods offer the ability to generate a self-renewing source of 

patient-specific cells that is amenable to genetic and chemical perturbations. This will allow 

for basic discoveries into the pathways driving different PDA tumors and for the 

identification of therapies for PDA. Moreover, organoids are likely to be increasingly 

incorporated in clinical approaches to PDA care, where they may provide great benefit in 

guiding individual treatment decisions.

OUTSTANDING QUESTIONS BOX

• Can all neoplastic cells in a tumor propagate as organoids, or do organoid 

cultures select for certain subclones of the tumor, such as the cancer stem cell 

population?

• Do neoplastic cells become “reprogrammed” when cultured as organoids?
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• Are there other, less expensive culture matrices available that could be used to 

successfully generate PDA organoids?

• How do the different organoid models compare, and which systems best model 

human PDA?

• Can mesenchymal cells be added to organoid cultures to better mimic organ 

architecture and to explore tumor-stroma signaling?

• Do organoids predict which genes are required for human PDA and how human 

tumors will respond to therapies better than conventional, monolayer cell lines?

• Can the generation of patient-derived organoids be standardized and streamlined 

enough for organoids to be useful for clinical management of pancreatic cancer 

patients?
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TRENDS BOX

• Pancreatic ductal adenocarcinoma (PDA) is an extremely aggressive and lethal 

malignancy. There is an urgent need for research advances that could help lead 

to improved outcomes and earlier diagnoses for PDA.

• While the mainstays of PDA research have traditionally been genetically 

engineered mouse models, PDA cell lines cultured as monolayers, and patient-

derived xenografts, each of these model systems suffers from limitations.

• Organotypic culture methods, in which cells are cultured in three-dimensions 

under conditions meant to mimic those in the body, have emerged as powerful 

new systems to circumvent some of the limitations of other models.

• Recently, four different methods for modeling PDA as organotypic, organoid 

cultures have been reported. These methods allow researchers to rapidly make 

new discoveries about pancreatic tumorigenesis that are highly relevant to 

human patients.
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Figure 1. Organoid models of pancreatic ductal adenocarcinoma
Diagrams of a cross-section of a single organoid culture well for each of the four recently 

reported methods for modeling PDA using organoids, the Clevers and Tuveson Laboratories 

method [5], the Skala Laboratory method [7], the Muthuswamy Laboratory method [6], and 

the Kuo Laboratory method [4]. Characteristics of each system are shown below diagrams. 

Matrix components are depicted in blue, culture medium is in orange, and organoids are in 

yellow. The targeted therapeutic study using organoids cultured with the Clevers and 

Tuveson organoid method is described in Ref [98]. MNK: mitogen activated protein kinase-

interacting protein kinase. JAK2: Janus kinase 2. MEK: mitogen-activated protein kinase 

kinase. PI3K: phosphoinositide 3-kinase. FNA: Fine needle aspirate.
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